A summary of the achievements of the project to date is given, as is a discussion of remaining challenges and future prospects.
1 Introduction
The Need for Satellite Micropropulsion
Owing to current trends in NASA and military space missions, there is an increasing demand for the ability to provide extremely low levels of thrust or "micropropulsion". The need for micropropulsion arises in essentially two distinct, yet related settings. In the first scenario, a more traditional-scale type of satellite is required to maintain its orbital attitude and position to an extremely high degree of precision for purposes of alignment. Extremely small perturbations to the attitude and/or position of the satellite may result because of such effects as solar radiation pressure or gravitational nonuniformities.
To offset the perturbations, periodic (or continuous) thrust corrections on the order of micro-Newtons may be required. It is important to note that the primary propulsion challenge here is to develop a thruster capable of delivering the low thrust level; there are no severe constraints on size, mass, or power requirements and the satellite itself can be sizeable.
The second scenario in which micro-scale levels of thrust is required is when the size of the satellite is itself significantly reduced. It is this setting that will be the focus of this article. There is an overall movement towards the development of "small-" (<100 kg) and "nano-" (<10 kg) sized spacecraft which can be used in a number of applications. Earth and Sun are equal) in a triangular formation separated by 5,000,00 km and must maintain mutual alignments of 30 nrad and orbital positions within I0 nm. With this level of precision, the perturbation of the radiation pressure from the solar wind is sufficient to upset the operation and must be offset by a thrust levels ranging between 1-100 N with an estimated accuracy of 0.1 N. In the LISA mission, it is planned that only about 50 grams of propellant will be required for its miniaturized field-emission electric (FEEP) engines during its five year mission.
Distributed spacecraft mission architectures offer a number of advantages such as reduced mission cost (production and launch), increased flexibility and reliability, and improved data resolution (e.g., Moser et al., 1999; Weidow and Bristow, 1999) . Owing to the substantially reduced size, the nano-sized satellites ("nanosats") have unique propulsion requirements, including extremely low thrust levels and/or extremely low minimum impulse requirements for orbital maneuvers and attitude control (Blandino and Cassady, 1998; Pollard et al., 1999) . Propulsion systems for these satellites, aside from the thrust and impulse requirements, must also satisfy additional mass, volume and power constraints.
A listing of typical operating parameters is given in 
Operating Principle
The essential operating principle of the MEMS-based HTP thruster is straightforward and is illustrated in In the sections to follow, important aspects from each of these areas are discussed which are essential in developing an operational design. To serve as a point of reference, mechanical drawings of two microthruster design configurations are shown in Figure 2a -b.
Chemical Decomposition of Hydrogen Peroxide
The mechanism for the propulsion is derived from the silver-catalyzed chemical decomposition of the hydrogen peroxide. The governing reaction for the decomposition process involving 100% hydrogen peroxide is:
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The reaction features first-order chemical kinetics, with the rate of reaction being strongly dependent on temperature, HTP purity and concentration, and surface activity and less dependent on surface roughness and pH. The non-catalyzed reaction is quite slow and unsuitable for a thruster application, but pure silver provides an excellent catalyst which dramatically increases the reaction speed. The decomposition process is highly exothermic; for example, aqueous HTP at 85% concentration releases 586 calories of heat per gram at 25°C and the corresponding adiabatic flame temperature is approximately 613°C.
The rate of decomposition also increases roughly 2.3× for each 10°C increase in temperature, and because the reaction is highly exothennic, the process accelerates. This latter statement assumes the heat removal is negligible, which is a valid assumption since the catalyzed reaction time scale is typically much smaller than time scale for external heat transfer.
Catalyst Chamber Design
The primary design task for the catalyst chamber is to identify an appropriate (optimal) size and configuration for the chamber which results in complete decomposition for a given mass flow rate of propellant.
As the decomposition process is catalyzed by a surface reaction, a high surface area-tovolume ratio is warranted and which is well-suited for MEMS systems.
In traditional, macro-scale thrusters this was achieved by passing the liquid propellant through catalyst-coated metallic screens or packed beds of pellets. Unfortunately, these options are not feasible in microchannels and new, alternative catalyst configurations are needed. Several catalyst geometries were considered in a fixed width, fixed length chamber configuration. The designs featured a wide, shallow channel with vertical walls or pillars which were coated with the silver catalyst and extended from the base to the top of the channel (see Figure 2 ). The approximate width of the channel designs was 1000 and the height ranged between 50-300 For the purposes of microfabrication, only straight-sided channel walls and Hitt, Zakrzwski & Thomas 9
pillars were considered. The objective was to create a maximum silvered surface area to enhance the rate of the decomposition; implicit in this undertaking is the assumption that the surface properties of the catalyst remain the same as in macro-scale thrusters.
In this prototype, the upper surface is not coated because it will be used as a viewport for observing thruster operation; in future designs it too could be coated.
A 1998) .
The approach was to use these predictions to obtain order of magnitude estimates for the catalyst chamber length and then to proceed on an empirical basis.
Using the empirical models, it was estimated that a length of 1.7-2mm would be required.
For the situation of incomplete decomposition combined with vaporization of the bulk fluid, an alternative prediction for the catalyst chamber length was proposed by Thomas et al. (2000) . By considering a channel with only a silver-deposited bottom and regarding the surface decomposition of the HTP as a source of heat which generated a thermal boundary, an estimate of the catalyst chamber length could be roughly estimated as the downstream position at which the thermal boundary layer grew to equal the channel height. This scaling argument for a simplified geometry suggested a value of at least lmm, and so was of the same order of magnitude as the empirical estimates.
To decouple pressure fluctuations in the catalyst chamber from the propellant feed system, an injector was added to the thruster design to prevent back-flow (see Figure 2b ). Located at the inlet to the catalyst chamber, the function is to reduce the propellant pressure through viscous losses. with a gap spacing of 20
The primary function of the manifold is to align and distribute the flow exiting the injector into the catalyst chamber.
Supersonic Nozzle
The thrust production for this device occurs in the converging/diverging supersonic nozzle (see Figure   2 Table 3 .
Microfabrication
The fabrication process consisted of three main steps: etching the thruster features, deposition of the silver catalyst, and bonding the cover glass to seal the assembly. and sealed single microthruster of the "diamond-pillar" design is shown in Figure 4 ; the device is approximately 0.5 cm square.
For the purposes of testing the fabricated thrusters, a slender stainless steel pipe (I .0 mm od) was fitted to back-etched hole in the silicon substrate to provide a plumbing connection. The pipe was then bonded to the thruster using a thermally conductive, electrically insulated polyimide epoxy. The first tests run on the completed thrusters were simple flow visualization tests using dyed water. The goal was to verify seal integrity for the device and to verify that no internal blockages had resulted in the fabrication processes.
The water was perfused at mass flow rates over a range of 10-500 g/min using a programmable syringe pump. Tests were viewed under CCD video-microscopy and recorded to digital video for archiving. In the earlier "zig-zag" design the gas tended to coalesce into larger bubbles which often pushed omni-directionally. In these designs, which did not feature the injector component, back-flow from the catalyst chamber into the reservoir was also observed. Similar behavior was also observed in the "diamond-pillar" design. As seen in Figure 6 , portions of the catalyst chamber also became occupied with dispersed gas pockets. Looking carefully at the catalyst chambers in this image sequence, one sees this region become increasing blurred as the pillars become obscured by the gas formation..In viewing live video, the pockets are much more apparent. They would intermittently Figure 6 ). This is due to the epoxy itself acting as a weak catalyst for the inlet propellant. While undesirable and worthy of correction, this is an artifact of the temporary laboratory plumbing connection which would not be present in an operational thruster.
In an attempt to quantify the level of decomposition occurring in the catalyst chamber, the liquid phase components of the exit flow for the "zig-zag" design (see Figure 5) To ensure realistic exit conditions the experiments will be performed in a vacuum chamber at NASA/GSFC and thrust will be measured using a micro-Newton thrust stand.
Long-Term Challenges

Micro-Valves for Satellite Integration.
For the ultimate incorporation of the MEMS thruster into nanosats there are microfluidic challenges. Specifically there is the issue of implementing a microvalve which allows the propellant flow to be regulated (either continuously or in a digital manner). To this end, NASA/GSFC is initiating a study with an industrial partner to exam potential micro-valve concepts for this MEMS thruster. Valving is a non-trivial problem to achieve in a MEMS/nanosat configuration. The micro-valve mechanism must be both small in scale and self-contained for nanosat purposes, yet it most also be able to provide reliable seals at pressures on the order of 5 psi or more. 
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Hitt, Zakrzwski & Thomas Figure 1 -A schematic drawing of the propulsion mechanism for the HTP micro-thruster. High purity hydrogen peroxide is delivered from a plenum an approximate pressure of 5-6 psia to a silver-based catalytic chamber.
In the catalytic chamber the HTP undergoes a highly exothermic chemical decomposition which expands the liquid propellant into gaseous products which are in turn fed to the inlet of a converging/diverging nozzle. In the nozzle the gas flow becomes supersonic at the throat and continues to accelerate, producing a thrust upon its exit. thruster with a mass flow rate of -386 g/sec. In this configuration the catalyst chamber length is 1088 , or 50% that of the design shown in Figure 2b . (Top) The thruster at the start of the firing.
(Middle) The thruster after an elapsed time of 1.7 sec after firing; a multi-phase flow high in gas content.
(Bottom) The thruster after an elapsed time of 13.1 sec. As the flow becomes quasi-steady the multi-phase exit flow is quite energetic and high in gas content suggesting a significant degree of decomposition and/or vaporization has occurred. The energy of the exit flow is much more apparent Table 3 Catalyst Chamber Length Percentage of Decomposition 1.0 mm 70% 1.5 mm 75% 2.5 mm 85% Table 4 Hitt, Zakrzwski & Thomas
